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THE DESIGN AND USE OF A TEMPERATURE-COMPENSATED HOT-FILM 

ANEMOMETEK SYSTEM FOR BOUNDARY-LAYER FLOW TRANSITION DETECTION 

ON SUPERSONIC AIRCRAFT 

ABSTRACT 

Harry R. Ch i les  
NASA Ames Research Center 

Dryden F1 i ght Research Faci 1 i t y  
Edwards, C a l i f o r n i a  

An a i rbo rne  temperature-compensated h o t - f i l m  
anemometer system has been desiyned, fabr ica ted ,  
and used t o  o b t a i n  i n - f l i y h t  a i r f o i  1 boundary- 
l a y e r  f l o w  t r a n s i t i o n  da ta  by the  NASA Ames-Uryden 
F l i g h t  Research F a c i l i t y .  S a l i e n t  f ea tu res  o f  
t h e  anemometer i nc lude  near cons tan t  s e n s i t i v i t y  
over t h e  f u l l  f l i g h t  envelope, i n s t a l l a t i o n  w i t h -  
ou t  coax ia l  w i r i n y ,  low-noise outputs,  and s e l f -  
con ta ined s i y n a l  c o n d i t i o n i n y  w i t h  dynamic and 
s teady-s ta te  outputs.  The small  s ize,  low-power 
d i s s i p a t i o n ,  and modular design make the  anemom- 
e t e r  s u i t a b l e  f o r  use i n  modern high-performance 
research a i r c r a f t .  

Design o f  t he  temperature-compensated h o t - f i l m  
anemometer and i t s  use f o r  f l o w  t r a n s i t i o n  detec- 
t i o n  on a laminar  f l o w  f l i g h t  research p r o j e c t  a re  
descr ibed. 
f l i g h t  which i s  rep resen ta t i ve  o f  t h e  temperature- 
compensated h o t - f i l m  anemometer ope ra t i on  a t  sub- 
sonic,  t ranson ic ,  and supersonic f l i y h t  cond i t ions .  

INTRUUUCTION 

Measurement o f  t he  boundary-1 ayer f l o w  has become 
i n c r e a s i n g l y  impor tan t  i n  t h e  t e s t i n g  o f  advanced 
a i r c r a f t  because a t u r b u l e n t  boundary- layer f l o w  
w i l l  i nc rease t h e  aerodynamic dray and reduce t h e  
l i f t  o f  an a i r f o i l .  Fu ture  a i r c r a f t  t h a t  a re  
desiyned t o  achieve a y r e a t e r  amount o f  laminar 
f l o w  w i l l  have improved performance and g rea te r  
f u e l  e f f i c i e n c y .  

For severa l  decades, constant- temperature h o t - f i l m  
anemometers have been used i n  wind tunne l  t e s t i n g  
o f  a i r f o i l s  t o  de tec t  boundary- layer f l o w  t r a n -  
s i t i o n .  The anemometer ou tpu t  a l so  supp l ies  power 
t o  a whetstone b r i d g e  c o n f i y u r a t i o n  (F igu re  1) 
which has t h e  h o t - f i l m  sensor and a temperature 
c o n t r o l  r e s i s t o r  w i t h  a v a r i a b l e  i nduc to r  as two 
o f  t h e  l egs  o f  t h e  br idye .  The temperature 
c o n t r o l  r e s i s t o r  se ts  the  h o t - f i l m  opera t i ng  tem- 
pera ture ,  and t h e  v a r i a b l e  i nduc to r  maximizes t h e  
frequency response f o r  a g iven h o t - f i l m  sensor and 

Also presented are  data gathered i n -  

w i r i n g  i n s t a l l a t i o n .  A change i n  t h e  a i r f l o w  over 
t h e  sensor w i l l  cause a correspondiny change i n  
t h e  b r i d y e  power requ i red  t o  ma in ta in  t h e  se t  tem- 
perature.  Laminar, t r a n s i t i o n a l ,  o r  t u r b u l e n t  
f l o w  can be determined e a s i l y  by ana lyz ing  t h e  
dynamic p o r t i o n  o f  t h e  vo l taye  l e v e l  requ i red  t o  
ma in ta in  t h e  h o t - f i l m  sensor temperature. 

I n  recent  years,  constant- temperature h o t - f i l m  
anemometers have been used f o r  boundary-] ayer  f l o w  
t r a n s i t i o n  d e t e c t i o n  on severa l  low-speed a i r c r a f t  
(Reference 1). bu t  t h e  anemometers were l a r y e  and 
requ i red  adjustment t o  ma in ta in  proper ope ra t i on  
i f  the  speed o r  a l t i t u d e  o f  t h e  t e s t  a i r c r a f t  
changed s i y n i f i c a n t l y .  

The need f o r  a h o t - f i l m  anemometer t h a t  can be 
used on a high-performance supersonic a i r c r a f t ,  
where l a r g e  speed and a l t i t u d e  changes occur and 
unattended opera t i on  i s  required, has l e d  t o  t h e  
development o f  a temperature-compensated h o t - f i l m  
anemometer. 

I n  p repara t i on  f o r  a n a t u r a l  laminar  f l o w  f l i g h t  
research p r o j e c t  a t  t h e  NASA Ames-Dryden F1 i ght  
Research F a c i l i t y  (ADFRF), an i n v e s t i g a t i o n  o f  t h e  
use o f  h o t - f i l m  anemometry f o r  boundary- layer f l o w  
t r a n s i t i o n  d e t e c t i o n  on hiyh-performance a i r c r a f t  
was performed. 
commercial ly a v a i l a b l e  constant- temperature ho t -  
f i l m  anemometers were eva lua ted  us ing  t h e  AOFKF 
F-lU4G/FTF a i r p l a n e  (F igu re  2) ,  a mod i f i ed  F-lU4ti 
a i r c r a f t  w i t h  an ins t rumented v e n t r a l  f i n  known as 
t h e  " f l i g h t  t e s t  f i x t u r e ' '  (Reference 2) .  When t h e  
systems were f lown a t  va r ious  f l i g h t  cond i t i ons ,  
i t  was found t h a t  t h e  v o l t a y e  o f  t h e  ou tpu t  va r ied  
g r e a t l y ,  s a t u r a t i n y  t h e  ou tpu t  a t  some f l i y h t  con- 
d i t i o n s .  Compensation f o r  t h e  l o c a l  s tayna t ion  
temperature was requ i red  t o  achieve proper opera- 
t i o n  o f  t he  anemometers throughout t h e  a i r c r a f t  
f l i g h t  envelope. A temperature compensation 
scheme was developed, and t h e  anemometers were 
mod i f i ed  and f l i y h t  t e s t e d  (Reference 3 ) .  
requirements f o r  a temperature-compensated ho t -  
f i l m  anemometer were formulated, and a design 
e f f o r t  was begun. 

Dur ing  t h e  i n v e s t i g a t i o n ,  two 
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DESIGN CONSIUEHATIONS 

Operat ional  Hequi rements 

The most important cons ide ra t i on  f o r  t h e  design 
o f  t he  temperature-compensated h o t - f i l m  anemometer 
i s  t h a t  i t  must p rov ide  h i y h  q u a l i t y ,  no ise  f r e e  
boundary-layer f low t r a n s i t i o n  data throuyhout 
t h e  e n t i r e  ope ra t i ny  envelope o f  any e x i s t i n y  
and near f u t u r e  a i r c r a f t .  

I n  order t o  p rov ide  h igh  q u a l i t y  f l ow  t r a n s i t i o n  
data, t h e  temperature-compensated h o t - f i l m  ane- 
momet e r 

Must e x h i b i t  low noise. The anemometer should 
be designed t o  p rov ide  low no ise  ou tpu ts  w i th -  
ou t  spec ia l  i n s t a l l a t i o n  o r  w i r i n y  p rov i s ions ,  
such as the  use o f  coax ia l  w i r ing .  

Should have te lemet ry  ou tpu t .  
has a h i y h  frequency response (10 kHz) con- 
t a i n i n g  f l o w  t r a n s i t i o n ,  d is tu rbance wave, 
and c ross f l ow  in fo rma t ion  and must be recorded 
onboard t h e  t e s t  veh ic le .  A low frequency 
ou tpu t  f o r  rea l - t ime  mon i to r i ng  o f  f l o w  con- 
d i t i o n  ( laminar ,  t u r b u l e n t  o r  t r a n s i t i o n )  
can save f l i g h t  t ime  as we l l  as da ta  analy-  
s i s  t ime. 

Should con ta in  i n t e r n a l  s i y n a l  cond i t i on ing .  
S iyna l  c o n d i t i o n i n g  i s  o f t e n  a t  a premium on 
modern research a i r c r a f t  i n  which t h e  anemom- 
e t e r  system may be i n s t a l l e d .  

Should use r e a d i l y  a v a i l a b l e  par ts .  Special  
o rde r  pa r t s ,  f o r  r e p a i r  o r  chanyiny t h e  ho t -  
f i l m  ope ra t i ng  temperature, o f t e n  have a 
l ong  d e l i v e r y  t ime  which can cause c o s t l y  
proyram delays. 

The anemometer 

Envi ronmental Hequi rements 

I n  d e f i n i n g  the  environment t o  which t h e  
temperature-compensated h o t - f i l m  anemometer 
w i l l  be exposed, t h e  most demanding a p p l i c a t i o n  
a t  t h e  ADFRF i s  t h a t  o f  t h e  modern f i g h t e r  a i r -  
c r a f t .  Modern f i g h t e r  a i r c r a f t  are cha rac te r i zed  
by l i t t l e  a v a i l a b l e  space f o r  added instrumenta- 
t i o n  e l e c t r o n i c s  and a t e s t  bay environment i n  
which l a r g e  extremes of temperature and v i  b r a t i o n  
a r e  considered normal. 

To su rv i ve  the  environment ou ts ide  the  env i ron-  
men ta l l y  c o n t r o l l e d  t e s t  bays, t h e  temperature- 
compensated h o t - f i l m  anemometer 

0 Must be ruyyed. The v i b r a t i o n  t o  which t h e  
anemometer may be exposed i n  many modern 
a i r c r a f t  can des t roy  f r a y i l e  equipment. The 
design must s a t i s f y  t h e  environmental  requ i re -  
ments o f  a l l  NASA and m i l i t a r y  s p e c i f i c a t i o n s  
f o r  a i rbo rne  e l e c t r o n i c s .  

0 Must be smal l .  I n  many modern h i yh -  
performance a i r c r a t t .  space i s  l i m i t e d ,  
and several  anemometers w i l l  u s u a l l y  be 
required, making s i z e  a c r i t i c a l  parameter. 

0 Should be a modular design. A modular con- 
s t r u c t i o n  a l lows packaging t o  be t a i l o r e d  t o  
t h e  s p e c i f i c  s i z e  and shape o f  t he  a v a i l a b l e  
mountiny l oca t i on .  

0 Should have low-power d i s s i p a t i o n .  Since 
opera t i on  w i thou t  c o o l i n y  a t  h i y h  ambient 
temperatures i s  required, s e l f - h e a t i n y  o f  
t h e  e l e c t r o n i c s  should be minimized t o  avo id  
exceedi ny t h e  manufac turer ' s  speci f i c a t  i ons 
on any o f  t he  components. 

ANEMUMtTtK DESIGN 

Func t iona l  Uesiyn 

As can be seen i n  the  f u n c t i o n a l  b lock  diagram o f  
t h e  temperature-compensated h o t - f i l m  anemometer 
( F i y u r e  3 ) .  temperature i s  compensated by t h e  tem- 
pe ra tu re  sensor and two r e s i s t o r s ,  HS i n  se r ies  
w i t h  t h e  temperature sensor and Hp i n  p a r a l l e l  
w i t h  t h e  temperature sensor and t h e  Hs r e s i s -  
t o r .  
y r e a t e r  temperature c o e f f i c i e n t  than t h a t  o f  t he  
h o t - f i l m  sensor, a l l o w i n g  t h e  network t o  p rov ide  
t h e  des i red  h o t - f i l m  hea t ing  th roughout  t h e  
opera t i ny  temperature ranye. 

The v a r i a b l e  i n d u c t o r  ( f requency t r i m )  a1 lows 
o p t i m i z i n y  t h e  frequency response o f  t h e  ane- 
mometer t o  t h e  res i s tance  o f  t h e  Sensor and ca- 
paci  tance o f  t h e  w i  r i  ny f o r  each i n d i v i d u a l  
i n s t a l  1 a t  ion.  

The anemometer a l s o  conta ins  separate s igna l  
c o n d i t i o n i n g  w i t h  a c t i v e  f i l t e r s  f o r  t h e  dynamic 
and s teady-s ta te  outputs.  This a l lows independent 
chanyes i n  t h e  ya in  and frequency response o f  
each ou tpu t  t o  accommodate d i  f f e r i  ny reco rd i  ny 
system requirements o r  spec ia l  t e s t s ,  such as 
measurements o f  low-ampl i tude hiyh-trequency 
d is tu rbance waves. 

The s ide  o f  t h e  whetstone b r idge  t h a t  con ta ins  
t h e  temperature sensors and compensation r e s i s t o r s  
H S  and Rp i s  f i v e  t imes t h e  res i s tance  o t  t h e  
s i d e  con ta in iny  the  h o t - f i l m  sensor. This r a t i o  
has been se lec ted  t o  accommodate t h e  nominal r e -  
s i s tance  o f  t h e  h o t - f i l m  and temperature sensors 
be ing  used and can be e a s i l y  changed t o  accommo- 
d a t e  o the r  sensor res i s tance  values. 

D e t a i l e d  Desiyn 

With the  sensors w i red  as shown i n  t h e  f u n c t i o n a l  
b lock  diagram (F igure  3) ,  most no ise  s igna ls  
induced i n  the  sensor w i r i n g  w i l l  appear as common 
mode no ise  and can be r e j e c t e d  by a wel l -designed 
anemometer. The a m p l i f i e r  used i n  the  temperature- 
compensated h o t - f i l m  anemometer i s  comprised o f  a 
h i y h  ya in  (ga in  = 1000) i ns t rumen ta t i on  a m p l i f i e r  
f o l l owed  by a s i n g l e  t r a n s i s t o r  power a m p l i f i e r  t o  
p rov ide  t h e  cu r ren t  requ i red  t o  ma in ta in  t h e  ho t -  
f i l m  temperature. The a m p l i f i e r  ou tpu t  o f f s e t  i s  
f i x e d  a t  1.6 V, t h e  approximate ou tpu t  l e v e l  f o r  
laminar  f low. The use o f  t he  i ns t rumen ta t i on  
a m p l i f i e r  p rov ides  a l a r y e  COmnOn mode r e j e c t i o n  

The temperature sensor used has a much 
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(110 dB), g i v i n g  the  anemometer a very low noise,  
h igh  q u a l i t y  ou tpu t .  

The s igna l  c o n d i t i o n i n g  conta ined w i t h i n  t h e  
anemometer i s  comprised o f  separate a c t i v e  f i l -  
t e r s  w i t h  bu t fe red  ou tpu ts  so t h a t  t he  frequency 
o r  ga in  of one ou tpu t  can be a l t e r e d  w i thou t  
a f f e c t i n g  t h e  o the r  output.  The dynamic ou tpu t  
s igna l  c o n d i t i o n i n g  f i l t e r  i s  band pass w i t h  ou t -  
p u t  s e n s i t i v i t y  being s i n y l e  r e s i s t o r  se lec tab le ,  
and t h e  s teady-s ta te  ou tpu t  s igna l  c o n d i t i o n i n g  
f i l t e r  i s  low pass with s i n g l e  r e s i s t o r  se lec tab le  
S e n s i t i v i t y  and a t r imming po ten t iometer  f o r  o f f -  
s e t  c o n t r o l .  

The temperature-compensated h o t - f i l m  anemometer 
i S  contained on a 2.5 x 3.3 i n .  (6.3 x 8.3 cm) 
p r i n t e d  c i r c u i t  card 0.53 i n .  (1.3 cm) t h i c k  
( F i y u r e  4), w i t h  a power consumption o f  < 3 W. 
Since t h e  temperature compensation r e s i s t o r s  Rs 
and Rp may be requ i red  t o  be any value, t h e  ane- 
mometer a l l ows  t h e  use o t  two p a r a l l e l e d  r e s i s -  
t o r s  i n  each o f  these p o s i t i o n s  t o  f a c i l i t a t e  
nonstandard res i s tance  values. The p r i n t e d  c i r -  
c u i t  card  can be i n s t a l l e d  w i t h i n  an enc losure  
t a i l o r e d  t o  t h e  number o f  anemometers requ i red  
and any r e s t r i c t i o n s  i n  geometry imposed by t h e  
mountiny l oca t i on .  Examples a re  shown f o r  f i v e  
channel and f i f t e e n  channel (F i yu re  5)  h o t - f i l m  
anemometer boxes t h a t  have been used on two d i f -  
f e r e n t  f 1 i y h t  research p ro jec ts .  

The temperature-compensated h o t - f i l m  anemometer 
sensor w i r i n y  i n  t h e  t e s t  v e h i c l e  uses two 
conductor -sh ie lded w i res  (as i s  commonly used 
i n  a i r c r a f t  i ns t rumen ta t i on  and av ion i cs  systems), 
w i t h  one conductor each t o  t h e  h o t - f i l m  and tem- 
pe ra tu re  sensors and t h e  s h i e l d  (anemometer 
ground) t o  a common j u n c t i o n  o f  bo th  sensors. 
The design a l lows p o r t i o n s  o f  t h e  w i r i ng ,  which 
must be run  on t h e  e x t e r n a l  sur face  o f  'the t e s t  
veh ic le ,  t o  use t h r e e  conductor f l a t  r i bbon  w i re  
o r  t h ree  s i n g l e  conductor wires which can be 
s p l i c e d  on to  t h e  two  conductor -sh ie lded wire.  

To s a t i s f y  t h e  requirements o f  small  s i z e  and low- 
w ind ing  res i s tance  f o r  a i rbo rne  use, t he  v a r i a b l e  
i n d u c t o r  was s p e c i a l l y  designed and f a b r i c a t e d  i n -  
house f o r  t h e  anemometer. A l l  o the r  p a r t s  a re  
commercial ly a v a i l a b l e  and were se lec ted  f o r  per -  
formance s p e c i f i c a t i o n  i n  an a i rbo rne  environment, 
a v a i l a b i l i t y ,  and cost.  

USE OF THE ANEMOMETER 

The h o t - f i l m  and temperature sensors should be 
bonded t o  t h e  t e s t  sur face  w i t h  an adhesive com- 
p a t i b l e  w i t h  t h e  a i r t o i l  sur tace  and t h e  sensors. 
The h o t - f i l m  sensor should be a l i y n e d  such t h a t  
t h e  a c t i v e  element o f  t he  sensor i s  n e a r l y  perpen- 
d i c u l a r  t o  t h e  expected d i r e c t i o n  o f  t he  a i r t l o w ,  
and the  temperature sensor should be bonded ad ja -  
cen t  t o  and s l i g h t l y  a f t  o f  t he  h o t - f i l m  Sensor 
(F igure  6)  t o  avo id  any poss ib le  f l o w  d is tu rbance 
over the  h o t - f i l m  sensor a c t i v e  element. F l i g h t  
da ta  on an F-14 a i r c r a f t  w i t h  a v a r i a b l e  sweep 
wing has shown t h a t  an al iynment e r r o r  o f  15' t o  
t h e  t r u e  a i r t l o w  d i r e c t i o n  i s  acceptable f o r  
p roper  anemometer opera t ion .  

The w i r i n g  on t h e  e x t e r n a l  sur face  from t h e  sen- 
sors t o  an e n t r y  through t h e  a i r c r a f t  s k i n  may use 
f l a t  r i bbon  o r  s i n g l e  conductor wires,  bu t  should 
be s p l i c e d  on to  two conductor -sh ie lded w i res  f o r  
l ony  w i r e  lengths  i n s i d e  t h e  a i r c r a f t .  As a 
r e s u l t ,  t h e  induced no ise  w i l l  be reduced by t h e  
sh ie lded  wire.  The e x t e r n a l  w i r i n y  should be 
rou ted  i n  t h e  d i r e c t i o n  o f  a i r f l o w  and may be 
secured t o  t h e  sur face  and covered w i t h  a s u i t -  
a b l e  tape o r  p o t t i n y  ma te r ia l ,  depending on t h e  
s e v e r i t y  o f  t h e  environment i t  w i l l  be exposed to.  

When t h e  temperature-compensated h o t - f i l m  anemom- 
e t e r  system i s  i n s t a l l e d  on a t e s t  veh ic le ,  i t  i s  
impor tan t  t h a t  t he  res i s tance  o f  t h e  w i r i n y  from 
the  anemometers t o  the  sensors i s  known. The 
w i r i n g  res i s tance  i s  requ i red  i n  t h e  c a l c u l a t i o n  
f o r  t h e  two temperature compensation r e s i s t o r s .  
An e r r o r  i n  t h e  va lue  o f  t h e  w i r i n g  res i s tance  
can cause a l a r y e  chanye i n  t h e  h o t - f i l m  opera t i ny  
temperature, s ince  t h e  h o t - f i l m  opera t i ny  r e s i s -  
tance w i l l  normal ly  be between 10 and 20 ohms. 

The h o t - f i l m  opera t i ng  res i s tance  can be ca lcu-  
l a t e d  by ana lyz ing  t h e  sensor and r e s i s t o r  c i r -  
c u i t r y  (F igu re  3 )  f o r  t h e  a m p l i f i e r  inpu ts .  Be- 
cause o f  t h e  o f f s e t  o f  t he  a m p l i f i e r ,  t h e  i n p u t s  
may be assumed t o  be equal, s i m p l i f y i n g  t h e  ca lcu-  
l a t i o n .  The e r r o r  caused by t h e  assumption i s  
l ess  than  t h e  e r r o r  from t h e  accuracy o f  t h e  
r e s i s t o r s  (0.1 pe rcen t )  and can be ignored. The 
values o f  t h e  two r e s i s t o r s  w i t h i n  t h e  anemometer 
t h a t  a re  requ i red  f o r  temperature compensation 
then can be c a l c u l a t e d  us ing  t h e  r e l a t i o n s h i p  
de r i ved  f o r  t h e  h o t - f i l m  opera t i ny  res i s tance  as 
f o l l o w s :  

where 

R f  i s  h o t - f i l m  opera t i ny  res is tance,  
R t  temperature sensor res is tance,  
R s  va lue  o f  se r ies  r e s i s t o r ,  
Rp va lue  o f  p a r a l l e l  r e s i s t o r ,  
R w  res i s tance  o f  sensor w i re ,  and 
Rsh res i s tance  o f  sensor common w i r e  ( s h i e l d ) .  

Because t h e  va lue  o f  Rp w i l l  normal ly  be severa l  
hundred t o  severa l  thousand ohms, i f  t h e  r e s i s -  
tance o f  t h e  sensor common w i r e  RSh i s  made smal l  
(by t h e  use o f  sho r t  w i r e  l eng th  o r  l a r y e  gaye 
w i re ) ,  then RSh w i l l  be i n s i g n i f i c a n t  and may be 
de le ted .  
and Hp, g i v i n g  t h e  r e l a t i o n s h i p  

This s i m p l i f i e s  t h e  c a l c u l a t i o n  o f  Rs 
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where 

Rfh i s  h o t - f i l m  opera t iny  res i s tance  a t  h igh  

Rth temperature sensor res i s tance  a t  h i y h  

H f l  h o t - f i l m  opera t iny  res i s tance  a t  low 

R t l  temperature sensor res i s tance  a t  low 

The c a l c u l a t e d  res i s tance  values may be ob ta ined 
th rough the  use of two r e s i s t o r s  i n  p a r a l l e l  t o  
avo id  t h e  need of a spec ia l  purchase f o r  nonstan- 
dard  res i s tance  values. 

A f t e r  t he  system i s  i n s t a l l e d ,  t he  anemometer 
requ i res  adjustment o f  t h e  frequency compensation 
v a r i a b l e  i nduc to r  and s teady-s ta te  ou tpu t  o f f s e t  
t o  p rov ide  proper opera t ion .  The v a r i a b l e  induc- 
t o r  may be ad jus ted  f o r  maximum frequency response 
(w i thou t  o s c i l l a t i n g )  when a i r  i s  being blown over 
t h e  h o t - f i l m  sensor. A f t e r  t he  anemometer i s  
p r o p e r l y  adjusted, no f u r t h e r  adjustments a re  
requ i red  un less  t h e  h o t - f i l m  sensor i s  replaced 
because o f  damage, o r  t h e  measurement l o c a t i o n  
i s  changed. 

ANEMOMETER FLIGHT USAGE 

Anemometer I n s t a l l a t i o n  

A t  t h e  present t ime  t h e  temperature-compensated 
h o t - f i l m  anemmeter has been used t o  o b t a i n  
boundary- layer f l o w  t r a n s i t i o n  data on F-14 and 
F-15 f l i y h t  research a i r c r a f t .  The h o t - f i l m  and 
temperature sensors were bonded t o  the  winys which 
had been covered w i t h  a f i b e r g l a s s  glove. S ing le  
conductor w i r i n y  was run  t o  t h e  a f t  end o f  t h e  
glove. On t h e  F-14 i n s t a l l a t i o n  (F i yu re  7a), t h e  
w i r i n g  entered an access l o c a t i o n  a f t  o f  t he  glove 
and was s p l i c e d  on to  t h e  two conductor-shielded 
w i r i n y .  On t h e  F-15 i n s t a l l a t i o n  (F igu re  7b), 
t h e  w i r i n g  was s p l i c e d  on to  t h e  two conductor-  
sh ie lded  w i res  and then covered w i t h  a p o t t i n y  
m a t e r i a l ,  run t o  the  inboard  s ide  o f  t h e  glove, 
and forward t o  an access panel. 

Because o f  l i m i t a t i o n s  imposed by t h e  f i b e r g l a s s  
g love  used on the  F-14 a i r c r a f t ,  t h e  maximum 
speed f lown was Mach 0.82. However, on t h e  F-15 
research a i  r c r a f t  , the  temperature-compensated 
h o t - f i l m  anemometer success fu l l y  p rov ided a i r f l o w  
t r a n s i t i o n  da ta  a t  a i rspeeds up t o  Mach 1.4 ( t h e  
Mach number on t h i s  a i r c r a f t  was l i m i t e d  by an 
un re la ted  exper iment)  and up t o  40,UOU f t  
(12,192 m) a l t i t u d e .  An airspeed up t o  Mach 1.8 
was f lown du r ing  the  development f l i y h t s  us iny  
a mod i f i ed  constant- temperature anemometer on 
t h e  F-l04G/FTF a i r c r a f t  (Reference 2) .  

The dynamic ou tpu t  o f  t he  temperature-compensated 
h o t - f i l m  anemometer was recorded us iny  an onboard 
a i rbo rne  tape recorder  w i t h  a wideband frequency 
modulat ion record a m p l i f i e r .  The s teady-s ta te  
ou tpu t  was recorded on t h e  a i r c r a t t  instrumen- 
t a t i o n  system f o r  te lemet ry  t o  the  yround s t a t i o n  
f o r  rea l - t ime  ana lys is .  

temperature, 

temperature , 
temperature, and 

temperature. 

A problem o f  h o t - f i l m  sensor f a i l u r e  was encoun- 
t e r e d  d u r i n g  t h e  F-14 f l i g h t  research p r o j e c t ,  
b u t  no sensors were damaged on t h e  F-15 f l i g h t  
research p r o j e c t .  I n i t i a l l y ,  on t h e  F-14 p r o j e c t ,  
the  sensors were purchased from a new manufac turer  
and some were de fec t i ve .  The manufacturer even- 
t u a l l y  solved t h e  produc t ion  problem and rep laced 
t h e  d e f e c t i v e  sensors. The on ly  o the r  sensor 
f a i l u r e  occurred when a g r a i n  o f  sand h i t  t he  
a c t i v e  p o r t i o n  o f  t he  h o t - f i l m  sensor and c u t  t h e  
a c t i v e  element. 

For bo th  o f  t h e  p r o j e c t s ,  t h e  opera t i ng  tempera- 
t u r e  o f  t h e  h o t - f i l m  sensor was se t  f o r  90°C above 
t h e  sensed l o c a l  s tayna t ion  temperature. This i s  
t h e  same temperature t h a t  was used d u r i n g  t h e  
development f l i y h t s  f o r  t h e  compensation scheme 
be ing  used. Since t h e  anemometer works w e l l  a t  
t h i s  cond i t i on ,  and the  F-14 and F-15 f l i y h t s  were 
f o r  ga the r ing  research data r a t h e r  than anemometer 
development, t h e  dec i s ion  was made no t  t o  change 
tt-e ope ra t i ng  temperature a t  t h a t  t ime. 
t e s t  p r o j e c t  f o r  anemometer enhancement i s  planned 
a t  present.  Along w i t h  o p t i m i z i n g  t h e  s igna l  con- 
d i t i o n i n y  f o r  d is tu rbance wave de tec t i on ,  t he  
optimum opera t i ng  temperature w i l l  be i n v e s t i g a t e d  
and reported. 

Dynamic Output 

The onboard i ns t rumen ta t i on  tape recorder  was 
replayed and analyzed t o  eva lua te  t h e  s i y n a l  
q u a l i t y  o f  t h e  dynamic ou tpu t  o f  t h e  anemometer by 
measuriny t h e  no ise  d u r i n y  pure  laminar f l o w  where 
t h e  anemometer ou tpu t  should have very low noise. 
For these t e s t s ,  t h e  no ise  was found t o  be below 
t h e  no ise  th resho ld  o f  t h e  tape recorder  f o r  a l l  
anemometer channels. Un a l a t e r  f l i y h t ,  w i t h  a 
h i g h  y a i n  on the  dynamic ou tpu ts ,  t he  no ise  was 
measured and t h e  s igna l - to -no ise  r a t i o  found t o  
be y rea te r  than 65 dB. 

The ga in  o f  t he  dynamic ou tpu ts  recorded on t h e  
f i v e  tape recorder  t r a c k s  was increased t o  25 
t imes normal f o r  one f l i g h t  and analyzed f o r  low- 
ampl i tude, high-frequency content.  The ana lys i s  
showed high-frequency d i s tu rbance  waves du r iny  
several  t e s t  po in ts .  Time h i s t o r y  and frequency 
spectrum p l o t s  (F igu re  8)  a re  shown f o r  one 
t e s t  po i  n t  . 
Steady-State Output 

The s teady-s ta te  ou tpu t  f rom t h e  anemometer pro- 
v ided such an e x c e l l e n t  f l o w  t r a n s i t i o n  i n d i c a t i o n  
(F igu re  9) t h a t  on one o f  t he  p r o j e c t s  w i t h  on l y  
f i v e  tape recorder  t r a c k s  ava i l ab le ,  f i f t e e n  ane- 
mometers were i n s t a l l e d ,  and t h e  r e a l - t i m e  steady- 
s t a t e  ou tpu ts  were used f o r  a l l  f l i g h t  p lanniny.  
The f i v e  dynamic ou tpu ts  t h a t  were tape recorded 
were used on ly  f o r  d e t a i l e d  ana lys is ,  and the  tape 
was no t  replayed f o r  f l o w  a n a l y s i s  u n t i l  a f t e r  a l l  
f l i y h t s  f o r  the  p r o j e c t  had been flown. 

A problem encountered d u r i n y  ana lys i s  of t h e  
s teady-s ta te  ou tpu t  was t h a t  t h e  ou tpu t  d i d  no t  
g i v e  a good i n d i c a t i o n  o f  t h e  i n i t i a l  onset o t  
f low t r a n s i t i o n ,  which i s  d e s i r a b l e  i f  t h e  f l ow  

A f l i g h t  

t 
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t r a n s i t i o n  occurs s lowly .  The ou tpu t  t i l t e r  f r e -  
quency response has now been chanyed ( F i b u r e  1Ua) 
t o  pass t h e  anenioiiieter f l o w  t r d n s i t i o n  sp ikes 
( F i g u r e  1Ub) a t  a reduced ampli tude. The ii i iproved 
s teady-s ta te  ou tpu t  has r iot  y e t  f lown, b u t  should 
be used on a f l i y h t  t e s t  p r o j e c t  by mid-lYU8. 

CONCLUSIUNS 

The t enipe r a  t u  re-compensa t ed ho t  - f i I iii aneilioine t e r 
has been shown t o  p r o v i d e  e x c e l l e n t  h i g h  q u a l i t y  
boundary- layer f l o w  t r a n s i t i o n  da ta  th rouyh sub- 
sonic, t r a n s o n i c ,  and supersonic f l i g h t .  No 
adjUStlflent o f  t h e  anemometer was r e q u i r e d  d u r i n y  
o r  between f l i y h t s  o f  y r e a t l y  d i f f e r i n g  a i rspeed 
and a l t i t u d e  p r o f i l e s .  
i n s t a l l e d ,  no f u r t h e r  changes were r e q u i r e d  except 
when t h e  h o t - f i l m  sensor was daniayed. The steady- 
s t a t e  o u t p u t  o f  t h e  anemometer i s  o f  s u f f i c i e n t  
q u a l i t y  t o  p rov ide  a r e a l - t i m e  i n d i c a t i o n  o f  t h e  
boundary- layer f l o w  t r a n s i t i o n .  Ana lys is  o f  t h e  
dynamic ou tpu t  i s  l i m i t e d  o n l y  t o  t h e  t ime sey- 
ments where t h e  rea l - t i i i i e  da ta  i n d i c a t e s  a need 
t o  do so. The aneiiionieter e x h i b i t s  very low noise,  
makiny p o s s i b l e  t h e  d e t e c t i o n  o t  h iyh-frequency 
d is tu rbance waves i n  a d d i t i o n  t o  t h e  normal 
f l o w  t r a n s i t i o n  f o r  which i t  was desiyned. 

The l i y h t w e i y t i t  o t  t h e  se lec ted  coinponents and 
t h e  small  p r i n t e d  c i r c u i t  board s i z e  c o n t r i b u t e  
t o  t h e  a b i l i t y  t o  w i ths tand l a r y e  l e v e l s  o f  v ib ra-  
t i o n ,  makiny t h e  anemometer s u i t a b l e  f o r  use i n  
t h e  severe env i  roniaents encountered i n  modern 
hiyh-performance a i  r c r a t t .  

On t h e  F-14 p r o j e c t ,  t h e  small  s i z e  and low power 
consumption o f  t h e  anemometer has d l  lowed f i  t t e e n  

Once t h e  system was 

anemoiiieters t o  be i n s t d l l e d  w i t h  l e s s  space 
requ i  rerrient and lower  power consurription than t h e  
t i v e  m i n i a t u r e  constant- temperature h o t - f i  l m  ane- 
mometers f o r  which t h e  niountiny l o c a t i o n  had been 
o r i y i n a l l y  desiyneu. This  reduced the  number o t  
f l i g h t s  r e q u i r e d  t o  o b t a i n  t h e  f l o w  t r a n s i t i o n  
measureiiients, sav iny  cons iderab le  c o s t  and t ime. 

F u t u r e  p r o j e c t s  planned t o  use t h e  tenlperature- 
compensated h o t - f i  lni anenionieter i n c l u d e  one pro-  
j e c t  proposed f o r  flild-1%8 t o  o p t i m i z e  t h e  ane- 
mometer f o r  d is tu rbance wave a e t e c t i o n  and h o t -  
t i l n i  o p e r a t i n y  temperature. Uther  p o s s i b l e  f u t u r e  
p r o j e c t s  i n c l u d e  ex tend iny  t h e  o p e r a t i n y  speed 
ranye and i n v e s t i y a t i n y  n a t u r a l  laminar  f l o w  a t  
speeds up t o  Mach 3. 
be repor ted  as they become a v a i l a b l e .  
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Figure 2. F-104C aircraft with flight teet fixture. 
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Figure 3. Functional block diagram. 
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( b )  15-channel anemometer box. 

Figure 5. Hot-film anemometer boxes. 
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(a) F-14 right wing sensor instattation. 

(b l  F-15 right wing eeneor installation. 

Figure 7. Seneor installation on wing. 
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